In this work, Geobacillus sp. TF16 phytase was separately immobilized in chitosan and Ca-alginate with the efficiency of 38% and 42%, respectively. These enzymes exhibited broad substrate specificity. Maximal relative phytase activity was measured at pH 5.0 and 95°C and pH 3.0 and 75°C for chitosan and Ca-alginate, respectively. The enzymes were highly stable in a wide pH and temperature range. Values of K m and V max were determined as 2.38 mM and 3401.36 U/mg protein for chitosan, and 7.5 mM and 5011.12 U/mg protein for Ca-alginate. The immobilized enzymes showed higher resistance to proteolysis. After 4 h incubation, hydrolysis capacities of chitosan-and Ca-alginate immobilized enzymes for soymilk phytate were calculated as 24% and 33%, respectively. The chitosan-and Ca-alginate immobilized phytases conserved its original activity after 8 and 6 cycles of reuse, respectively. The features of the enzymes were very attractive and they might be useful for some industrial applications.
thermal stability, resistance to proteolysis, wide pH profile, and substrate specificity. [15] [16] [17] Therefore, finding new microbial phytases containing desired enzymatic characteristics is very important. Nowadays, especially thermal stabile phytases have an important role, as feed pelleting process requires temperatures higher than 50°C. [14] Enzymes used in industrial processes have to have some features such as stability at processing and storage conditions. Also they can be produced cheaply. The uses of phytases to produce specific myo-inositol phosphate isomers for use in medicine are an exciting avenue. However, the reuse of phytases is hampered by their low stability under operational conditions and their difficulties to be recovered from the reaction mixtures after catalysis. These problems have been overcome by immobilization of phytases on a variety of matrices. [18] Immobilized enzymes have some advantages. They have high stability than free enzymes and can be easily separated from the reaction mixture. Thus, enzyme consumption is considerably reduced. [19] In this study, a novel phytase purified from thermophilic Geobacillus sp. TF16 strain was separately immobilized in chitosan by covalent binding and Ca-alginate by entrapment. Chitosan has many characteristics like hydrophilicity, biocompatibility, and low biodegradability, high permeability toward water, good adhesion and high affinity toward proteins. It is an inexpensive, inert, non-toxic, high mechanical strength support. [20] [21] [22] For these reasons, chitosan is known as an ideal support material for enzyme immobilization.
Entrapment method differs from other immobilization techniques in that enzyme molecules are free in solution, but restricted in movement by the lattice structure of the gel. [23] Entrapment of enzyme within insoluble calcium alginate gel is recognized as a rapid, nontoxic, inexpensive, and versatile method for immobilization of enzymes and cells. [24] This is the first report immobilizing a phytase from a Geobacillus strain and focuses on this enzyme as an additive for the food/feed industry.
Material and methods
Geobacillus sp. TF16 isolated from Germencik Ömerbeyli Jeotermal in Aydın city (Turkey) was provided from Department of Biology, Karadeniz Technical University (Trabzon/Turkey). The accession number is KY013619 (Genbank).
Purification of Geobacillus sp. TF16 phytase
The enzyme was previously precipitated by using ammonium sulfate and purified with DEAE-Sepharose Fast Flow ion-exchange chromatography. [25] Immobilization of purified enzyme in chitosan particles by covalent binding
The purified enzyme was immobilized in chitosan by covalent binding. [26] [27] [28] For this purpose, 1 g chitosan was stirred with 75 mL, 0.1 M HCl solution containing 2.5% (v/v) glutaraldehyde for 2 h at 30°C. Then 10 mL, 0.1 M NaOH solution was added and the precipitate formed was collected by filtration. Then, chitosan molecules were washed two times with deionized water for removing of the non-binding glutaraldehyde from the mixture. Wet chitosan was slowly stirred with 1 mg of pure free phytase at 4°C for 1 h. After filtration of the mixture, immobilized enzyme-chitosan molecules were washed several times with distilled water to remove the non-binding enzyme until the absorbance was lower than 0.01 at 280 nm. Total protein concentration in the filtrate was determined and percentage of the phytase binding efficiency (E) was defined as follows:
where C 1 is protein concentration of solution before immobilization, and C 0 is protein concentration of solution after immobilization. [29] Entrapment of purified phytase in alginate/CaCl 2 beads
To entrap the enzyme, first sodium alginate solution was prepared in deionized water at a concentration of 2% (w/v). Then, 2 mg of protein was added to 10 mL of sodium alginate solution. The final mixture was dropped using a syringe into 100 mL solution of 2% (w/v) CaCl 2 . The beads were stirred for 15-20 min and left for 24 h at 4°C to get the final hardened form. The final macro beads were removed and washed several times with deionized water for removal of excess CaCl 2 . Total protein concentration in the filtrate was determined, and the percentage of the binding protein was calculated. [30] Determination of protein concentration
Protein concentration was determined according to the Bradford method using bovine serum albumin (BSA) as standard. [31] Enzyme activity assay and substrate specificity
Phytase activity was spectrophotometrically determined by using sodium phytate, 4-methylumbelliferil phosphate, glucose 6-phosphate, ADP, and ATP as the substrates. [32] The mixture of 200 μL immobilized enzyme solution and 600 μL of substrate solution (2 mM substrate in 50 mM, pH 4.0 Mcilvaine buffer containing 2 mM CaCl 2 .2H 2 O) were incubated at appropriate temperature for 30 min. The reaction was stopped by adding 800 μL of trichloroacetic acid (TCA, 15% (w/v)). Then, 800 μL of the coloring reactive (6 N H 2 SO 4 :2.5% ammonium molybdate:10% ascorbic acid:deionized water in the ratio of 1:1:1:2) was added to the mixture. After incubation at 25°C for 10 min, the absorbance at 625 nm was determined. A reference standard (KH 2 PO 4 , 0.5-7.5 μg/mL) was simultaneously assayed with the samples. One unit (U) of phytase activity was defined as the amount of enzyme required to release 1 μmol of Pi from Na-phytate per minute under the standard assay conditions. All the samples were assayed in triplicates.
Optimum pH and pH stability of enzymes
Optimum pH of the immobilized enzyme was determined at 55°C by using sodium phytate and 50 mM buffers: glycine-HCl (pH 2.0), Mcilvaine (pH 3.0-7.0), and glycine-NaOH (pH 8.0-9.0). The maximum activity was taken as 100%, and the relative activities were calculated by comparing with it. [33] pH stability of the chitosan-immobilized enzyme was determined by incubating the enzyme separately at 4°C , 35°C, and 95°C for different times in the buffer solutions of pH 2.0 (50 mM glycine-HCl), pH 5.0 (50 mM sodium acetate), and pH 7.0 (50 mM Tris-HCl). For the enzyme immobilized in alginate/CaCl 2 beads, the incubation was made at 4°C, 35°C, and 75°C for different times in the buffer solutions of pH 3.0 (50 mM glycine-HCl), pH 5.0 (50 mM sodium acetate), and pH 7.0 (50 mM Tris-HCl). After incubation, the phytase activity was determined under standard conditions. The residual activities (%) were calculated by comparison with the unincubated enzyme. [33] Optimum temperature and thermal stability of enzymes
The optimum temperature was determined at an optimal pH value at various temperatures in the range of 25-95°C by using sodium phytate as substrate. The maximum activity was taken as 100% and the relative activities were calculated by comparison. [34] The enzyme solutions in 50 mM pH 5.0 sodium acetate buffer were separately incubated at 4°C, 35°C, and 95°C for chitosan, and 4°C, 35°C, and 75°C for Ca-alginate at different times to determine the thermal stability of the phytase. After then, the enzyme activity was assayed at optimum conditions, the residual activity (%) was calculated by comparison with unincubated phytase. [33] Kinetic parameters
Kinetic parameters of the immobilized enzymes were determined by measuring the rate of phytate hydrolysis at the concentrations of Na-phytate ranging from 0.08 to 6.67 mM in optimum conditions. K m and V max values were calculated from the Lineweaver-Burk plot.
Effect of some metal ions and chemicals
Chloride salts of Na + , K + , Li + , Co 2+ , Fe 2+ , Mg 2+ , Cu 2+ , Zn 2+ , Mn 2+ , Ca 2+ , Hg 2+ , Ni 2+ , Al 3+, and Fe 3+ were separately added to the reaction mixture in final concentrations of 1, 5, and 10 mM. Activity determined at standard reaction conditions without metal ion was taken as 100%. [34] To study the effect of some chemicals on the enzyme activity, SDS, triton X-100, triton X-114, Tween-20, ethanol, methanol, acetone, and 2-propanol were added separately into reaction mixtures in the final concentrations of 1%, 5%, and 10%. Also the effect of EDTA and phenylmethanesul-fonylfluoride (PMSF) was investigated at the concentration of 1, 5, and 10 mM. The residual activities (%) were calculated by comparison with standard assay mixture without any chemicals. [35] Resistance of immobilized enzymes to proteolysis
To measure the resistance of immobilized phytase against trypsin and chymotrypsin, the enzyme (0.1 mg/mL final concentration) was incubated with protease mix (in the final concentration of 0.1 mg/ mL) (trypsin-chymotrypsin; Sigma-Aldrich, Protease Type VIII; bacterial from Bacillus licheniformis) in 50 mM, pH 7.5 Tris-HCl buffer at the ratio of 1:1 (w/w) for 30, 60, and 90 min at 37°C. The residual activities (%) were calculated by comparison with the standard assay mixture without any proteases. [36] Dephytinization of soymilk by immobilized enzymes
The potential application of the immobilized phytases in food industry was assessed according to Pi release from soymilk. Therefore soybean seeds were incubated overnight in deionized water and thoroughly crushed in a mixer. The slurry was filtered by using double-layered muslin cloth and the liquid was used as soymilk. The obtained soymilk was incubated with the enzyme (10 U/ mL) at standard assay conditions. The samples were drawn at desired periods and centrifuged. Then samples were analyzed with standard activity assay for inorganic phosphate released. A standard calibration curve was used to calculate the phosphate released. For this purpose, K 2 HPO 4 between 0.5 and 5.0 mM were used as the substrate, and standard assay was performed. [37] Determination of reusability
The stabilities of immobilized phytases on repeated use were examined by measuring the enzyme activity after each successive run. The immobilized phytase was incubated with substrate solution and it was collected by centrifugation at 4000 rpm at the end of the reaction and washed with distilled water. The released Pi in supernatant was calculated according to the standard enzyme assay. For the second cycle, the immobilized phytase was redissolved in appropriate volume of buffer solution and processed the same way as before. [38] Results and discussion
In this study, a phytase purified previously from the thermophilic bacterium Geobacillus sp. TF16 was separately immobilized in chitosan and alginate/CaCl 2 beads. The immobilized enzyme was then characterized biochemically. Dephytinization of soymilk by the immobilized enzymes was also examined.
Immobilization of purified enzyme in chitosan particles and alginate/CaCl 2 beads
The binding efficiency of the enzyme to chitosan and alginate/CaCl 2 was 38% and 42%, respectively. It was previously reported that the purified Pantoea agglomerans phytase was entrapped in alginate beads with an efficiency of approximately 80%. [18] Aspergillus ficuum phytase was covalently immobilized onto cross-linked agarose by 55% efficiency. [39] Saccharomyces cerevisiae CY cells immobilized in calcium alginate beads were used for the degradation of phytate. Immobilization yield of the phytase reached 43%. [40] Substrate specificity
Substrate specificity of the immobilized phytase was tested on sodium phytate, 4-methylumbelliferil phosphate, glucose 6-phosphate, ADP, and ATP. Chitosan-immobilized enzyme exhibited broad substrate specificity and was more active to hydrolyze sodium phytate ( Table 1 ). Relative activity of the enzyme was 74% and approximately 40% in the presence of 4-methylumbelliferil phosphate and the other substrates, respectively. Ca-alginate-immobilized phytase was also more active in the presence of sodium phytate ( Table 1 ). The enzyme also hydrolyzed the other substrate in different ratios.
Optimum pH and pH stability of enzymes
Effect of pH on the immobilized enzyme was analyzed at 55°C between pH values of 2.0 and 9.0 using 50 mM buffers. Maximal relative phytase activity was measured at pH 5.0 and 3.0 in the case of chitosan and Ca-alginate, respectively (Fig. 1a ). Similar results were found before for other phytases. E. coli phytase had an optimum pH of 5.0 after immobilization on nanoclays. [41] The optimum pH for immobilized Saccbaromyces cerevisiae CY phytases in soybean curd whey was determined as 3.5. [40] A concentrated extract from soybean sprout containing an active phytase was immobilized on Sepabead EC-EP, and the optimum pH of immobilized enzyme was found as 5.0. [37] The pH stability of the chitosan-immobilized enzyme was determined at 4°C, 35°C, and 95°C in the buffer solutions of pH 2.0, 5.0, and 7.0. Immobilized phytase was stable at all pH values at 4°C, and retained its original activity approximately 60-90% after 12 h incubation ( Fig. 2a) . Also, the enzyme conserved its original activity approximately 70% after 2 days at pH 5.0. Consequently, it can be said that storage of the chitosan-immobilized enzyme was very suitable at 4°C. The enzyme activity was conserved approximately 70-80% after 6 h incubation at 35°C (Fig. 2b ). It conserved its original activity approximately 75% and 65% at pHs 5.0 and 7.0, respectively, at 95°C after 12 h incubation. The enzyme displayed 60% activity after 48 h at pH 5.0 ( Fig. 2c ). pH stability of the immobilized phytase in alginate/CaCl 2 beads was analyzed by incubating the enzyme at 4°C, 35°C, and 75°C in the buffer solutions of pH 3.0, 5.0, and 7.0. After 12 and 36 h incubation, the enzyme retained at approximately 60-80% and 40-70% of its original activity for all pH values at 4°C (Fig. 3a) . The enzyme activity was conserved approximately 85% after 2 h incubation at 35°C at all pH values (Fig. 3b ). The enzyme retained nearly 58%, 42%, 45% of its original activity at pH 3.0, 5.0, 7.0, respectively, after 12 h at 75°C. After 1 h incubation, the enzyme activity was conserved at approximately 80% at all pH values (Fig. 3c) . It was reported that the original activity of the immobilized S. cerevisiae phytase lost approximately 80% at pH 2.0 after only 30 min. The loss in activity at pH 4.0 and above was over 50%. [40] Also, immobilized phytase on epoxy-activated Sepabead EC-EP conserved all of its original activity at pH 5.0 and 37°C after 3 h incubation. [37] The immobilized Aspergillus niger phytase was stable at low pH values and retained full of its original activity after incubation at pH 2.0 for 24 h at 4°C and 92% after incubation at pH 2.0 and 37°C. [42] From these results it can be said that the immobilized Geobacillus sp. TF16 phytases were very stable at a wide range of pH and this can be attractive for the industrial applications of the enzymes.
Optimum temperature and thermal stability of enzymes
Enzyme activity was investigated at a range of temperature between 25°C and 95°C. Data showed that the highest activity was at 95°C and 75°C for chitosan and Ca-alginate, respectively (Fig. 1b) . The optimum temperature of immobilized S. cerevisiae and epoxy-activated Sepabead EC-EPimmobilized phytase was reported to be 50°C and 60°C, respectively. [37, 40] Optimum activity of the phytases covalently bound onto Fe 3 O 4 magnetic nanoparticles was found at 60°C (rye), 65°C (A. niger), and 70°C (Escherichia albertii). [43] In line with these results, it is seen that optimum temperatures for chitosan and Ca-alginate-immobilized enzymes are higher than for many other purified phytases so far.
Thermal stabilities of Geobacillus sp. TF16 immobilized phytases were determined by preincubating the enzymes at various times at 4°C, 35°C, and 95°C for chitosan and at 4°C, 35°C, and 75°C for Ca-alginate. It was observed that the enzyme immobilized in chitosan was highly stable at all temperatures after 12 h incubation and conserved nearly 80-85% of its activity. On the other hand, the enzyme pre-incubated at 35°C and 95°C for 48 h lost its activity approximately 55% and 80%, respectively (Fig. 4a) . The enzyme had a half-life (based on residual activity) of approximately 55, 32, and 45 h at 4°C, 35°C, and 95°C, respectively.
In the case of Ca-alginate, the phytase conserved its original activity approximately 80% at 4°C and 35°C and 45% at 75°C after 24 h (Fig. 4b) . The immobilized phytase was highly thermostable and had a half-life of approximately 65, 40, and 19 h at 4°C, 35°C, and 75°C, respectively. When exposed at 70°C for 1 h, the immobilized A. niger phytase retained 90% and at 80°C 62% of the initial activity. [42] The immobilized E. albertii phytase retained 83% of its initial activity at 70°C and 34% at 80°C. [43] Activity of the immobilized phytase from A. ficuum protected its original activity approximately 100% after 1 h incubation at 60°C and 70°C, but activity completely disappeared after 30 min at 80°C. [36] A. niger phytase immobilized on montmorillonite was completely inactivated after 30 min at 60°C. However, A. niger immobilized on Al-Si-6%Fe conserved its original activity even after 120 min at 60°C. [41] These results showed that the immobilized phytases were highly thermal-stable and they can be ideal candidates for industry.
Kinetic parameters of immobilized enzymes
Kinetic parameters of the immobilized enzymes were determined by measuring the rate of phytate hydrolysis at various substrate concentrations. K m and V max values were determined as 2.38 mM and 3401.36 U/mg protein for chitosan, 7.5 mM and 5011.12 U/mg protein for Ca-alginate, respectively. K m and V max values of the phytase increased after immobilization. Because it was previously reported that K m and V max values of Geobacillus sp. TF16 free phytase were 1.31 mM and 526.28 U/mg protein, respectively. [25] It was reported that K m and V max values were found to be 10 mM and 1 U/mg for immobilized avocado phytase, respectively. [37] Also, K m values were calculated to be 95 μmol/L (A. niger), 220 μmol/L (E. albertii), and 455 μmol/L −1 (rye). [43] A. ficuum phytase had 32.8 mM and 0.027 mM/min K m and V max values after immobilization. [44] Effect of some metal ions and chemicals on enzyme activity Enzyme activity was separately investigated by adding different ions to the standard reaction mixture in a final concentration of 1, 5, and 10 mM. In the presence of 1 M metal ions, the chitosanimmobilized enzyme retained almost of its activity. The activity was stimulated approximately twofold by Cu 2+ (Fig. 1 in the online supplementary information (SI)). The activity of chitosanimmobilized phytase was fully inhibited at the 10% final concentration of triton X-100, triton X-114, and Tween-20. But, SDS, ethanol, methanol, and 2-propanol stimulated the activity in the 1% final concentration (Fig. 2 in SI) . In the case of Ca-alginate, 10 mM Ca 2+ activated the enzyme activity nearly 30%. The activity was inhibited in different ratios by 10 mM K + , Li + , Co 2+ , Mg 2+ , Cu 2+ , Zn 2+ , Mn 2+ , Hg 2+ , Ni 2+ , Al 3+, and Fe 3+ (Fig. 3 in SI) . Also, triton X-100, triton X-114, and Tween-20 fully inhibited the enzyme at 10% concentration. Organic solvents used inhibited the activity at different ratios ( Fig. 4 in SI) . It was previously reported that Cu 2+ and Hg 2 2+ inhibited the activity of the phytase enzyme from Pinar melkior mushroom immobilized onto magnetite-CTS NPs. While Co 2+ , Fe 2+ , and Mg 2+ ions increased the activity of immobilized phytase, Zn 2+ had no effect. [45] Resistance of immobilized enzymes to proteolysis To measure the phytase resistance against trypsin and chymotrypsin contained in the digestive tract, the immobilized enzyme was incubated with protease mix for 30, 60, and 90 min at 37°C. Both of the enzymes showed higher resistance to protases. The original phytase activity was conserved at approximately 78% and 62% after 90 min for chitosan and Ca-alginate immobilized enzyme, respectively ( Fig. 5 in SI) . A. niger phytase immobilized on Al-Si-6%Fe showed no significant loss of activity even after 120 min at 60°C. [41] It was reported that immobilized phytases showed higher resistance to high temperatures and proteolysis than free enzymes. A similar study was reported for different enzymes immobilized on clays. [46] 
Dephytinization of soymilk by immobilized enzymes
The phytate of soymilk was degraded by the immobilized phytases. Phytic acid concentration of soymilk was found to be 28.16 mM. Enzymes and soymilk were incubated at optimal conditions, and examples were taken every 30 min to 4 h. The amount of phosphate liberated was determined by using a standard calibration curve of K 2 HPO 4 . After 4 h incubation, the hydrolysis capacity of chitosan-and Ca-alginate immobilized enzyme was calculated as 24% and 33%, respectively. It was reported that immobilized phytase from Lactarius piperatus effectively hydrolyzed the phytate in dry beans and it had the highest activity on wheat and peanuts at the end of 4 h at a rate of 75%. [45] Also, after 8 h incubation, immobilized avocado phytase resulted in 65% reduction in phytate in soymilk. [37] Determination of reusability
The stability of immobilized phytase was examined by measuring the enzyme activity after each successive run. The chitosan-immobilized phytase conserved its original activity after 8 cycles. In the case of Ca-alginate, the activity began to fall after six cycles ( Fig. 6 in SI). These results show that the immobilized phytases can be easily recovered and used repetitively. The reusability of the immobilized phytase is advantageous for the continuous use of the enzyme in industrial applications and also economical because of its significant reduction in operation costs in practical applications. It was previously reported that the phytase immobilized on Sepabead EC-EP retained 52% of its initial activity after 21 cycles of reuse at 37°C and 46% of its initial activity after 7 cycles of reuse at 60°C. [37] Also, the immobilized Penicillium purpurogenu GE1 phytase maintained 100% activity for 12 successive batches and then gradually declined, reaching around 70% activity after 20 cycles. [47] 
Conclusion
In this paper, we immobilized the highly thermal-and pH-stabile phytase enzyme from a Geobacillus sp. for the first time. Uses of phytases have been gaining importance in human nutrition and health. The real application of phytase as animal feed additives was relied on three vital factors such as its thermal resistance, its proteolytic resistance, and its activity-pH dependency. In general, the mixture of phytase in feedstuff has to go through ∼1 min thermal pelleting treatment at 70-95°C. [48] Also, the application of phytase as animal feed additives primarily counts on its stability over protease digestion and varying pH media conditions. Free phytase itself might be digested by proteases (pepsin or trypsin) present in the gastric fluid, leading to inactivation. In most poultry and livestock gastrointestinal tracts, the pH gradient of 2.0-9.0 occurred. [49] The enzyme activity of immobilized Geobacillus sp. TF16 phytases in chitosan and Ca/alginate peaked at pH 5.0 and 3.0, respectively, and showed observable activity over a wide pH range. Also, it is highly thermostable at operational temperatures of 70-95°C. The capacity of dephytinization of soymilk and the high reusability of the immobilized phytases also make them very attractive for practical application and they could be used as additive material in the food industry.
